Abstract. A new method and apparatus are described for on-line mass spectrometry that enables realtime, automated, trace contamination and chemical species analyses focused on semiconductor manufacturing application. The scaleable ion source produces not only elemental ions for ppt quantitative analysis, but also enables quantitative and qualitative elemental, species, ligand, and organic molecular analyses. The system uses a unique calibration methodology permitting automated, continuous, unattended operation for up to a week without intervention. A sample handling system has been developed to automate small sample extraction (2 mL) from wet stations and its transport for up to 30 meters to the instrument using laminar flow techniques. Sample preparation includes the incorporation of stable enriched isotope reference solutions with feedback control for automated optimization of sample and reference mixtures. Instrument data is converted into actionable instructions for manual intervention or for integrated metrology and advanced process control (APC) implementation. Identification of species present in process solutions as a function of time provides new information about processes and mechanisms, offering unique characterization and defect prediction. These new capabilities are expected to enable rapid yield learning, contamination and chemical constituent quantification, and significantly improved process control.
INTRODUCTION
Successful process control and yield management are critical factors required for profitable semiconductor device production. With the high cost of 1C wafer manufacturing facilities and equipment and an increasingly competitive market, it is imperative that fabs utilize existing manufacturing resources to their fullest capabilities. There are constant pressures on the process control and yield management effort to reduce manufacturing costs and increase return on investment. This includes decreased dependence on non-product test wafers, increased equipment utilization and effectiveness, reduced defect levels, improved product yields, avoidance of excursions and faster process development and yield learning.
Existing yield management strategies are not sufficient for achieving and maintaining yields at 0.13 jum production and below, Figure 1 . Process tolerances have evolved to the atomic level and remaining process variables must be understood and controlled for successful manufacturing. The introduction of copper interconnect metallization and the conversion to the larger 300mm wafer size all add to the complexities involved and the need for more comprehensive process control. The larger number of potentially good devices on 300-mm wafers, and therefore their greater value compared with their 200-mm counterparts, significantly increases the return on investment that is achieved by yield and process control improvement efforts. On the downside, the costs of process excursion and process failure associated with the larger wafer size are significantly greater and increase dramatically with the time it takes to detect process problems.
As a result of these pressures for significantly improved and more comprehensive process control, the industry is placing major emphasis on in situ measurement sensors, integrated metrology, and the development of "advanced process control" (APC) technology in order to continue the progress predicted by Moore's Law [1] , These new capabilities are required if the industry is to cost-effectively achieve its targeted goals as defined in the International Technology Roadmap for Semiconductors (ITRS) [2] [3] [4] .
Measurement of wet process and gas chemistries, in situ and in real-time, has not been possi- ble up until now and represents one of the major remaining process control enhancements required in today's semiconductor manufacturing operations. Lower contamination requirements have placed higher demands on elemental analyses [5] [6] [7] [8] [9] [10] [11] and in situ control of process chemistry, for example, in copper electrochemical deposition [12] [13] . Process chemistry measurement today is restricted to infrequent off-line measurement techniques (e.g., Inductively Coupled Plasma Mass Spectrometry [ICP/MS], Ion Chromatography [1C] , and Liquid Chromatography-ICP/MS [LC-ICP/MS]) and indirect methods such as after-thefact physical and electrical measurements on test wafers. Vapor phase decomposition (VPD), total reflection x-ray fluorescence (TXRF) and capacitance-voltage (C/V) measurements are key examples. RGA and light emission are some of the techniques used for gas phase process control. The most common tool for direct measurement of process wet chemistry, ICP/MS [6] , requires highly skilled operators and is unsuited for fully automated and unattended operation. All of these methods provide elemental detection and do not, with rare exception, enable the identification of molecular species. Our work, which began in year 2000, was directed at designing a mass spectrometry based instrument which for the first time would enable fully automated in situ wet and gas process chemistry measurement in the manufacturing line. The same tool could be installed alternatively in the fab chase or sub-fab and operated as a fully automated laboratory, reducing the dependence on external labs and test wafers.
The ideal instrument would provide automated sampling, sample preparation and analysis. It would permit quantitative analysis to the ppt level and would identify anions, cations, elements and molecular species present in process solutions and gases, whether they were part of the original solution constituents or occurred as reaction by-products.
The instrument would need to be fully compatible with the manufacturing clean room environment, have a reasonable footprint and have data and control communication protocols compatible with semiconductor industry standards. Ideally, the instrument would also have analytical performance as good as existing off-line methods.
In order to meet the need for automated, unattended, quantitative analysis capability, an in situ calibration capability would be required. Normal mass spectrometer operation requires frequent calibration runs that not only take valuable instrument time and reduce productivity, but also introduce the potential for operator error. A more successful calibration technique would occur in situ at the same time the sample is being measured and would normalize all instrumental drifts and matrix effects common to the mass spectrometry method. 
INSTRUMENT DESIGN
As a result of efforts to address these design objectives, a new metrology c apability we have called in-process mass spectrometry (IPMS) has been developed [14, 15] . The design details and application results are presented in this paper. The platform, Figure 2 , enables automated, in situ, real-time measurement of elemental contamination and species in liquids used in semiconductor fab process solutions. Two implementations of the capability have been developed, Table 2 , and their application has been discussed in detail in other papers presented at this conference [16, 17] . One configuration is optimized for trace contamination analysis (TCA) and the other optimized for chemical constituent analysis of process solutions (CCA). Other IPMS versions currently in design are being optimized for gas phase and specialty materials analysis. The CCA instrument, in contrast to the TCA instrument, is designed to monitor major solution components. Both systems have been optimized to provide organic and inorganic species identification and measurement. 
In-Process Mass Spectrometry system
The instrument is computer-controlled, with the flexibility to change operational conditions for various solution compositions, component analytes, and detection limit requirements. Critical automation design criteria follow fundamentals developed in the 1990s by the NIST and the industry-sponsored Consortium on Automated Analysis Laboratory Systems, CAALS [18] . All data transmission interfaces and communication protocols are compliant to standard semiconductor industry specifications. The instrument is sufficiently compact to be located in close proximity to the wet bench or can be installed remotely.
The instrument is fabricated from fab compatible materials that are amenable to a Class-1 clean room manufacturing environment. Key components are inert and resistant to the corrosive action of the process chemicals under analysis. Quantitative calibration and subsequent accuracy are achieved by the introduction of isotopically enriched standards into the unknown and through use of "in-process" (on-line) "Isotope Dilution Mass Spectrometry (IDMS)" and "Speciated Isotope Dilution Mass Spectrometry (SIDMS)" methods [19] [20] [21] [22] [23] [24] . The standards are equilibrated with the sample and analyzed simultaneously in situ with the unknowns. Automated and integrated sample preparation and the IDMS and SIDMS methods enable unattended operation and provide in situ live-time mass spectrometer calibration. IDMS calibration techniques have been used in fields other than semiconductor for a number of years. However, they have been limited to elemental or stable molecular analysis for ultimate quantitative accuracy.
Here they are used for both elemental and dynamic species analysis simultaneously and are implemented through automated isotopic tagging of the species of interest.
The SIDMS method takes a fresh approach toward quantitative measurement of elemental and molecular species. Species in the unknown solution are isotopically tagged with stable enriched isotopes in real-time and their transformations are monitored to prevent natural chemical and instrumental events from introducing errors into the data. Without the IDMS and SIDMS techniques, quantitative measurement requires that sensitivity factors and calibration curves be established before the introduction of each unknown solution, due to the significant matrix effects and drifts inherent in standard mass spectrometry methods and instrumentation. A more complete description of the actual techniques used to perform the automated sample preparation, analyses and examples of applications are presented in the following sections.
To achieve information-rich species and organic identification data along with the quantitative elemental data, an electrospray, ion trap, time of flight mass spectrometry system (ESI-TOF) has been employed. The electrospray and mass spectrometer components form the heart of the IPMS system.
Sample Extraction and Preparation
The fully a utomated IPMS s ample e xtraction and preparation system is schematically shown in Figure 3 . The system samples wet station process solutions via a narrow sample probe mounted vertically on the inside edge of the bath. The tip of the probe extends below the surface of the liquid. It draws 2 mL of sample into a reservoir by suction. Pressurized nitrogen gas is used to move the sample through a fully endcapped HP Plus Teflon® tube to the IPMS system. The system can be located up to 30 meters away from the wet station that is being sampled and incorporates five sample extraction and preparation modules so that up to five wet baths can be sampled simultaneously.
We have completed a series of experiments demonstrating that flow through the tubing does not introduce artifacts either in the form of contamination or loss of sample constituents... The sample p reparation sy stem i ncludes d ilution c apability and a mixing module for introduction of the isotopic calibration standards. Automated clean routines are incorporated in IPMS operation in order to prepare the IPMS for solution changes without cross-contamination and operator intervention.
The Electrospray lonization Interface
The limit of quantitation for a mass spectrometer is a combination of the cleanliness of the analytical blank and the efficiency with which the chemical species of interest are converted into ions. The interface between the sample-handling component and the mass-to-charge ratio (m/z) analyzer is a critical section that requires optimization to achieve maximum sensitivity.
Sinks
Sample Handling _ MassSpectrometer The scientific literature is replete with methods designed to extrude analytes as ions from the bulk solution (even at concentrations as low as a few parts in 10 12 ) and then to direct the ions into the mass-analyzer. For our purposes, an Electrospray lonization unit, Figure 4 , serves as this optimum interface.
Drying

FIGURE 4. Electrospray lonization Interface
The principles of sample preparation and mass-spectrometry are equally valid for positively and negatively charged ions. The chemical species of interest to date in semiconductor solutions are predominantly cations (positively charged ions) of the alkali, alkali earth and transition metals; however, the electrospray ionization introduction system (ESI) can also operate in 'negative-ion mode' to analyze monatomic species such as the halides (e.g., fluoride and chloride) and other molecular anionic species such as boron fluoride.
Electrospray ionization is highly efficient for the ionization of inorganics, organics, and organometallic species, providing excellent detection limits for trace quantities as well as enabling analysis of major solution components. The principles of electrospray ionization are well established. As the starting point, the solution is pumped through a needle shaped capillary into the electrospray chamber that operates at room temperature and atmospheric pressure.
As the solution is sprayed from the needle shaped tip, an aerosol plume is formed and subjected to the strong electric field caused by the potential difference between the needle tip and a front 'sampling-plate' or entrance cone of the mass spectrometer. Under the effect of electrostatic forces, the droplets (which all carry charges of the same sign) repel each other and internally give rise to coulombic explosions. As the droplets shed solvent molecules by evaporation, the charge density on the surface of the droplet increases as its size diminishes. Eventually the repulsive forces between the charged molecules overcome the surface tension on the droplet and the droplet either fissions to produce charged daughter-droplets, or ejects ions. Solvent evaporation, droplet-fragmentation and ionexpulsion continue until all the species are effectively gaseous. This basic process of ionization is expedited in the IPMS by passing the aerosol into a countercurrent flow of heated, dry nitrogen gas(170°C).
The key electrical parameters which control electrospray operation are automatically adjusted under computer control. In keeping with the need for full system automation, these key electrical parameters can be reliably changed between negative and positive modes as well as between the "soft" and "harsh" ionization modes under computer control and without operator intervention. The analytical use of the "soft" and "harsh" modes is discussed in detail in the section on species vs. elemental analysis.
Mass Analyzer Configuration
To enable analysis of the masses of the ionized species over a wide mass range, the IPMS is configured with both hexapole 'Ion-Trap' and 6 Time-of-Flight' technologies. While each of these mass discriminators is used independently in instruments for mass analysis, their serial integration into one instrument optimizes the utility, resolution and sensitivity of the overall system.
After ion formation and entry into the reduced pressure region of the instrument, the hexapole ion trap is used to focus the ions for the mass analyzer, again see Figure 4 . The hexapole is also utilized as a mass filter by restricting transmission to those ions within a selected m/z range. Ions outside of this range move in unstable paths down the axis of the hexapole and collide with the electrodes or escape into the surrounding vacuum.
The fundamental feature common to all mass spectrometers is their use of electric and/or magnetic fields to separate ionic species in space by virtue of their mass-to-charge ratio (m/z). Because charges on chemical species are always an integral multiple of the unit charge of an electron, highly accurate measurements of the m/z ratios result in precise determination of the molecular and/or atomic weights of the components of a sample. The ESI-TOF combination enables more accurate ratio measurements during ion introduction variability than peak hopping sequential instruments, and is much less expensive than some of the experimental, double focusing, dual detector mass spectrometers.
The choice of the time-of-flight mass spectrometer (TOF-MS) permits each isotope to be measured simultaneously. It also permits integration o ver 1 ong p eriods oft ime a nd o ffers much higher resolution than the quadrapole alternative typically used in most ICP-MS instruments, further reducing errors in measurement. In spite of the simplicity of the principles of TOF-MS, the success in resolving the ions in space (and thus the peaks in the spectrum) is determined in part by t he p lanarity a nd t ightness o f t he i on-packet that enters the flight tube. Figure 5 diagrams the use of the Reflection TOP to make direct measurements of elements and molecular species after isotopic equilibration.
Species Identification
Knowing the mass of the unknown from the mass spectrometer, a combinatorial software algorithm is used to identify all possible isotope combinations that can aggregate to the measured value. This part of the process has been automated. With knowledge of the possible process chemistries involved coupled with the isotopic pattern, the specific chemical formula can be identified readily in most cases.
Species vs. Elemental Analysis
In a plasma based ionization source instrument such as the ICP/MS, most if not all bonding and consequent molecular information is lost in the "low" and "high" temperature plasmas used for sample ionization. These plasma temperatures range from approximately to 6,000 to 10,0000°C respectively. In these plasma processes the majority of the molecular species are destroyed and only elemental components and small polyatomic fragments remain, eliminating the possibility of direct species measurement. Since it is recognized that molecular species information is important in determining the active process chemistry, this information is sometimes tediously obtained, at least in part, by offline ion chromatography and liquid chromatography-ICP/MS. Or, it is obtained indirectly by examination of surface residues on processed test wafers using techniques like infrared spectroscopy, x-ray photoelectron spectroscopy (XPS) and conventional time-of-flight secondary ion mass spectroscopy techniques (TOP SIMS). TXRF analysis of residues on wafer surfaces only provides element information.
The importance of both element and species measurement can be best understood by using an industry relevant example. Table 3 depicts four plausible species that may result from copper contamination in common semiconductor process solutions. The ICP-MS or TXRF, with only elemental capability, however, would be unable to detect these species, reporting only that the solutions or residues from solution contain Cu contamination. Identifying the Cu species in the monitored process reveals sources, pathways and mechanisms of the contamination. The formation of singly charged 'naked' metal-ions (such as Cu + ) is promoted using the "harsh" or 'Elemental' mode in the mass spectrometer. This is accomplished by increasing the electrical potential difference between the electrospray capillary exit and skimmer cone in front of the hexapole ion trap. The kinetic energy of the ion collisions with neutral gas molecules strip molecular structure from the elements. Under 'Elemental' mode, all species are converted to their most basic elemental form, the element ion. By converting all species to a single species the ion count for that single species increases to a maximum providing the most optimum sensitivity for the quantitative element determination. In this mode no information about the chemical speciation in solution is retained. In addition, isotopes that have been added increase the signal by the mathematical ratio of the enriched isotope abundance. Therefore, under 'Elemental' mode, the lowest detection limits are achieved for each isotope of the elemental species, generating the maximized "elemental" information that is consistent with the requirements outlined in the International Technology Roadmap for Semiconductors (ITRS) [2] .
In contrast, operating conditions that facilitate the transmission of the fragile hydrated clusterspecies or other molecular species are referred to as the "soft" or 'Speciation' mode of ionization. As an example, consider a sample solution of dilute aqueous copper (II) salt expelled through the capillary tip with an applied voltage that encourages the formation of positive ions in the electrospray. The ions observed at the detector of the mass-spectrometer under "soft" conditions include solvated clusters of the formula Cu(H 2 O) n 2+ (n = 7-13; z = 2) and Cu(OH)(H 2 O) n + (n = 1-4; z -1), or, under different energetics and instrumental parameters associated with the "harsh" ionization mode, include almost exclusively elemental species such as Cu + (z = 1). In 'Speciation' mode, the detected ions are molecular species observed to be present in aqueous solutions of copper (II) salts.
Operating the IPMS in "soft" or 'Speciation' mode offers the process engineer information and clues about the potential source of identified contaminants in wet-process chemistries. This information is not available using conventional analytical techniques common in semiconductor laboratories. Additional species information identifies key chemical complexes, ligands and species compositions that may be responsible for or related to specific chemical reaction events, and enables optimization of chemical conditions based on chemical mechanisms. Solution elemental content and species information provide real-time information potentially enabling new ways for direct control of contamination and chemical process mechanisms.
Quantitation Of Elements and Chemical Species
Classically, each elemental measurement is matched against a standard calibration curve equating concentration with signal intensity and is relevant only to a single matrix and instrument state. Under normal operation a mass spectrometer will 'drift' and become unstable, changing the relationship defined by the calibration curve. Constant monitoring and recalibration are absolutely necessary under these standard mass spectrometer operating conditions. As a consequence, samples of varying matrix characteristics cannot be analyzed rapidly in succession or collectively in a random order. However, inprocess mass spectrometry (IPMS), which applies the principles of isotope dilution mass spectrometry (IDMS) and speciated isotope dilution mass spectrometry (SIDMS) in an in-line automated fashion, enables accurate, unattended measurements of both elements and species. The IPMS procedure effectively transforms each measurement into a calibration that is independent of errors due to instrument drift and matrix effects. This procedure is now described in more detail.
All but four naturally occurring elements have stable isotope ratios in nature. These isotopes exist in known, fixed ratios. A mass spectrometer measures the mass of each of these isotopes for each element. For example, Cu (copper) has two stable isotopes, at 63 a.m.u. and 65 a.m.u., while Cd (cadmium) has eight stable isotopes from 106 a.m.u. to 116 a.m.u.
On-line mixing of known volumes of the unknown sample and an artificially enriched known isotope 'spike' solution is used to make the measurement. A composite isotope ratio can then be measured by the mass spectrometer for the element and/or species of interest. The amount of enriched isotope added and the concentration of the natural material present establishes a unique isotope ratio that enables derivation of the 'unknown' concentration for the element and or species. Figure 6 demonstrates the abundance ratio relationships for the elemental assay of Cu, and presents a simple example of the ratio measurement model. Using this technology, quantitation no longer depends on a calibration curve, as each quantitative analysis measurement includes its own calibration. Calibration and measurement occur simultaneously. The final ratio of natural element isotope to the enriched element isotope in this example provides an answer that has very few, well-defined possibilities for error. Each of these possibilities can be identified and compensated for, leaving the final error in the measurement -close to the uncertainty in ratio determination of the two isotopes -a function of the mass spectrometer's ability to make this isotopic ratio measurement.
Specifically, poly-isotopic elements are quan- Mg is the spike of known amount added to the sample for the purpose of quantifying three elements, sodium and aluminum, and magnesium itself by measuring the ratio of the 24 Mg to 25 Mg isotope peaks in the mass spectrum. Sodium and aluminum are 'anchored' by measurement against magnesium. For this strategy to be reliable, the relative 'ionization efficiencies' of the appropriate elements, in the matrix of interest must be known. Relative ionization efficiency represents a numerical ratio that quantifies the observation that two elements at the same concentration in a sample don't necessarily give equal response at the detector of a mass spectrometer. Thus, the 'ionization efficiency' reflects all the chemical and physical effects that determine the fraction of ions of each element that are released from the sample in the electrospray ionization interface and that get to the detector.
For example, we have observed in a particular matrix, that the relative ionization e fficiency o f sodium-to-magnesium is approximately 1.7. That is, in a standard sample of equal concentration in these two elements, the intensity of the sodium signal is 1.7 times larger than that of magnesium. The value 1.7 becomes a constant multiplier in an equation that is effectively identical to that used in IDMS. There is the same set of known and unknown variables with the subtle distinction that the relative ionization efficiency must be accounted for. Mg) is constant, and fixed in nature. However, the ratio of ionization efficiencies in electrospray massspectrometry (e.g., 23 Na / 25 Mg) is not necessarily invariant. It is empirically measured and depends on many experimental variables, most significantly the matrix. It follows that quantitation of mono-isotopic elements by this method will be less accurate than those measurements of poly-isotopic elements by direct IDMS.
Quantitation of Species
There are three methods to quantify a species. First, if the species equilibrates with the spike material very rapidly, the "dynamic spiking" method [14, [21] [22] [23] [24] can be used, wherein the unknown solution is mixed with a standard elemental "spike" and then measured directly on a mass spectrometer. Second, if the species does not equilibrate (i.e., is stable), then the solution can be spiked with a similar solution (molecular weight, ionization efficiency) of known concentration and the ratio of the two analytes (one known and one unknown) compared to quantify the unknown species. Finally, for precise measurement of a "stable" material, an isotopically enriched standard can be synthesized and used to spike the unknown sample. The ratio can then be used to quantify the species; much like an enriched isotope is used to quantify an element in the IDMS sample.
One advantage in the SIDMS technique is that for each element, the element's isotopes respond identically to the same physical and chemical influences that are locked in the chemical domain. Since the isotope ratios remain constant in the prepared sample isotopically equilibrated mixture, only the isotope ratio is needed to obtain quantitation. Using SIDMS with IPMS, the detection threshold can be at or even below the normal instrument detection limit, enabling this technology for use in ultra-trace analysis.
RESULTS
Long-term IPMS Drift Compensation
Normally, a mass spectrometer is not capable of unattended operation over long periods of time, due to natural instrumental drift. Figure 7 below represents a case in point, where a spiked ultrapure water (UPW) sample was analyzed repetitively over a period of 12 hours. In this experiment, however, both standard calibration and IDMS methods were enabled simultaneously to monitor three elements (Cu, Ni and Zn), each of which had been spiked to a concentration of 10 ppb in the UPW. The typical drift present in mass s pectrometry c an b e s een i n F igure 7 a nd without continuous recalibration, only the first measurement is correct and incorrect concentrations are reported thereafter. Without the normal recalibration process, Cu and Ni peak heights drifted 15% higher, while Zn drifted 10% lower.
These instabilities are characteristic of typical mass spectrometer instrumentation.
Results Using Tradition Oiltete lfec*pN«t*s. With IPMS technology, which includes the IDMS method of quantitation, the results in the same experiment are seen in Figure 8 to be immune to spectrometer drift. The IDMS quantitation method in this case was enabled by the introduction of controlled amounts of enriched isotope solution for each element (
65/63
Cu, 62/58 Ni, and 68/64 Zn, where the first element in each pair represents the added enriched isotope). At each time point isotope ratios were measured and IDMS calculations completed. 
Sample Stream InstabilityCompensation Using IPMS Methods
During one 12-hour experiment, we experienced a fortuitous period of sampling instability, causing violent signal disruption in the mass spectrometer, Figure 9 . This instability was most likely a series of air bubbles disrupting the normal flow of the physical sample solution to the instrument. These disruptions in sample flow to the electrospray produced dramatic inconsistencies in the ion beam entering the mass spectrometer. The excursions in the strength of the signal response were as much as 80% of maximum peak height. This condition persisted over a period of about 20 minutes. If traditional calibration methods had been utilized for quantitative analysis, concentration measurements would have been unusable. Disruptions similar to these are expected when a sample solution is switched from one matrix to another and where there are differences in viscosity or ionic strength or some other major physical change. In this case this disruption is believed to have been caused by air bubbles in the sampling line leading to the electrospray. Alternatively, using the IDMS calibration techniques in the same case, even such a major disturbance is shown in Figure 10 to have minor effect on quantitation results. While absolute intensities varied by over 80%, the IDMS calculated quantitative measurements experienced a worse case fluctuation of 17%. It can be seen that during this period of extreme instability (up to 80% variation in signal intensity) reasonable accuracy has been maintained, permitting continuous quantitation. The ability to compensate for extreme changes of this magnitude in the incoming sample is unique to this method. In this experiment the peak area integration routines had not yet been incorporated into the software and peak height measurements were used. Theoretically, as integration and quantitation routines become more sophisticated, the stability will improve to be almost imperceptible from the routine accuracy normally obtained. Where the difference between signal loss and the normal signal will be most dramatic will be in the precision related strictly to the intensity of the signals used in the ratio calculations. In summary, these data demonstrate the difference in robustness between IPMS technology and mass spectrometry measurements that rely on traditional signal calibration models. In the former, both instrumental drift and signal instability are accommodated simultaneously with nominal e ffect o n a nalytical quality, a s t he i sotope ratio does not change under either perturbation. Table 4 shows the IPMS TCA measurement results obtained on 5 ppb spiked ultra-pure water (UPW). The sample was prepared by the appropriate dilution of NIST traceable standard solutions. These data demonstrate the level of accuracy and precision obtainable for the simultaneous assay of 22 varied elements in UPW matrix. Figure 11 shows the IPMS TCA measurement results obtained on UPW samples with multi-element spike concentrations of 200, 500
APPLICATIONS
Ultrapure Water
and 1000 ppt and analyzed as a function of time. These results demonstrate that the instrument and the IDMS method are able to scale accurately over a range of concentrations. These data are from a beta instrument installed in a manufacturing fab and represent the first production line application of IPMS technology. These results demonstrate the volume of quantitative measurement data that can be generated routinely and cost-effectively in just a few hours and the potential for real-time statistically valid process control decisions that are based on actual process chemistry measurement.
Species Relevant Data
As we have described, the "soft" ionization mode permits analysis of both organic and inorganic molecular species present in process solutions. In Figure 14 the organic surfactant components present in buffered oxide etch (BOB) are clearly shown. In another key example of the importance of this breakthrough capability, IPMS enables direct in situ measurement of the process chemistry present in copper electrochemical deposition (BCD) baths during wafer processing. The BCD chemistry commonly used in semiconductor manufacturing is based on copper sulphate solu-tions with proprietary organic additives. U p to this point in time, process chemistry has been controlled by the use of empirical measurements from electrochemical cells that estimate bath chemistry by inference (cyclic voltammetric stripping (CVS) analysis) [12] [13] .
Organic additives, commonly called "suppressors," "accelerators" and "levelers," are used in copper BCD plating baths to control film quality and facilitate gap filling by locally affecting plating rates. Suppressor adsorbs on the wafer surfaces and slows down Cu deposition in the adsorbed areas. The accelerator competes with suppressor molecules for adsorption sites and accelerates Cu deposition in the adsorbed areas [12, 13] . During electroplating, both the suppressor and accelerator are consumed at the wafer surface but are constantly replenished by diffusion from the bulk electrolyte. The accelerator typically used is commonly called "SPS" and is more properly identified as bis (3- Routine sampling of the process bath by IPMS permits measurement of time dependent changes of SPS in the BCD s olution as a function of process time, Figure 17 . Each measurement sample is automatically spiked with enriched isotope standard as in Figure 16 for quantitative SIDMS analysis. It can be clearly seen that a direct, quantitative measurement of the degradation of the SPS concentration in Cu BCD process solution as a function of process time has been enabled by this measurement capability. These applications will be further developed in other publications presented at this conference [15] [16] .
CONCLUSIONS
A new mass spectrometry based IPMS tool has b een d eveloped which e nables r eal-time, in situ process chemistry measurement in a wide variety of applications in semiconductor manufacturing and other chemical areas. The design of the IPMS system integrates automated sample extraction, preparation and a nalysis b y s tate-ofthe-art electrospray ionization and TOF mass spectrometry techniques. Quantitation by IDMS and SIDMS methods permits routine operation without separate calibration runs or operator intervention. The electrospray ionization -TOF MS combination enables the analysis and quantitation of anions, cations, elements and molecular species present as core components or breakdown products in process solutions. This combination of design features permits operator unattended operation for up to 7 days / week, 24 hours/day.
The high volume of accurate process data made possible by this new capability will permit statistically valid decision-making and process modeling previously not possible due to the low productivity, inherent costs and delays associated with off-line alternatives. These capabilities will be essential for the comprehensive implementation of integrated and automated and ultimately Advanced Process Control (APC) in semiconductor manufacturing.
The live-time information that becomes available will enable new and unique opportunities for proactive contamination detection and identification, improved process characterization and control and statistically valid yield correlation to process chemistry. This information will enable more cost-effective manufacturing decision making including the optimum timing for solution refresh or changes, early shutdown of process tools in the event of failure and determination of the need for preventative maintenance based on actual process response.
